W ell drilling for oil, gas, and geothermal infrastructures produce saline-sodic wastewaters (i.e., brines). Since 2001, official brine spill reports filed at the North Dakota Department of Health and the North Dakota Industrial Commission exceed 13,000 cases with an average of 42 reports filed per week during 2014 (North Dakota Department of Health, 2015) . These brines contain sodium and chloride at >10,000 and >100,000 mg L -1 , respectively, with electrical conductivities (EC) often above 200 dS m , values similar to those reported by others across North America (Tomlinson et al., 2015; Dresel and Rose, 2010; Jury and Weeks, 1978) .
The traditional in situ remediation of brine-contaminated soil is the incorporation of organic materials to dilute salts and subsequent infiltration of divalent cations (Sublette et al., 2007) . The infiltration of divalent cations (mainly Ca 2+ based) is to displace sodium from soil exchange sites, minimize soil dispersion, and increase effective pore diameters to leach salts from the root zone. Remediation timelines can range from 1 to >1000 yr while deploying this traditional method (Jury and Weeks, 1978) . Given these time scales, it is surprising that no efforts attempting to bring salts to the soil surface for harvesting are reported in the literature. Such methods, if feasible, could expedite remediation and reduce the potential for Cl -contamination of groundwaters. The objective of this study was to determine if harvesting brine salts via the soil surface is possible without mechanically disturbing the soil. During a thorough literature search, we found that crystallization inhibitors can disrupt salt precipitation within the porous networks of building walls and bricks by delaying salt precipitation and result in salt formations on the outer surfaces (i.e., salt efflorescence; Gupta et al., 2012; Rodriguez-Navarro et al., 2002; Selwitz and Doehne, 2002) . We hypothesize that the infiltration of a dilute crystallization inhibitor suspension followed by an evaporative flux on brine-contaminated soil will allow dendritic crystal growth above the soil surface and subsequently allow for easy removal of salts with minimal to no soil disturbance.
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Abstract: Well drilling for energy resources innately produces brine waters. These brines often contain sodium in the 10,000 to >100,000 mg L -1 range. In situ soil remediation of brine spills traditionally consists of diluting salts with organic materials and then infiltrating divalent cations. This leaching technique can require years to centuries, as a function of soil clay content, to remove salts from the root zone. We present a new in situ remediation method that extracts salts from the soil surface and expedites remediation. Surface application of a crystallization inhibitor (ferric hexacyanoferrate) to brinecontaminated soils followed by an evaporative flux resulted in dendritic crystal growth above the soil surface. This process allowed easy harvest of 29 to 57% of salts within 7 d without mechanical disturbance to the soil. Future studies should include loadingrate optimization, in-field testing, evaluation of reaction product fate and transport, and identification of other amendments to rapidly extract salts. 
Core Ideas
• In situ remediation of brine spills is possible via surface extraction of salts.
• A crystallization inhibitor allowed for 29 to 57% of salts to be harvested from the soil surface.
• Methods for surface extraction of salts can aid in expediting brine spill remediation timelines.
Procedures
A sandy loam, loam, and silty clay soil with saturated paste extract EC's < 2 dS m -1 were air-dried, ground, sieved through a 2-mm sieve, and packed to a 6 cm depth in 18 polyvinyl chloride columns (six columns per soil texture; column dimensions: 7.7 cm diameter by 10 cm height). The bottom of each column was sealed with Plexiglas to achieve a zero flux boundary for water and solutes. The top of each column remained open to the atmosphere to allow the infiltration of solutions and evaporative fluxes. Deionized water was saturated with NaCl to create a brine solution (EC of 244 dS m -1 ), and then 110 mL of the brine was infiltrated into each of the 18 soil columns. The brine-treated soils were allowed to air-dry for 7 d until salt precipitants were visible. For each soil texture, a 110-mL suspension of the crystallization-inhibitor hexacyanoferrate and deionized H 2 O was then infiltrated into four of the six brine-contaminated soil columns. Of the four treated soil columns, two columns received a 0.00001 M ferric hexacyanoferrate suspension and two columns received a 0.01 M ferric hexacyanoferrate suspension for each soil texture. The remaining two columns not treated with the crystallization inhibitor were used as controls and received no additional fluids following the initial brine contamination. The 18 columns were allowed to evaporate again in the laboratory at 20.7 ± 0.3 о C and 22.5 ± 1.6% relative humidity, and salts were harvested using a scoopula 7 d after initial efflorescence began to occur.
During a preliminary test, little to no dendritic crystal formation occurred with the procedure described above. The infiltrated NaCl saturated water would have lowered the soil's osmotic potential to approximately -5 MPa and limited the evaporative flux. Additionally, the conditions for ferric hexacyanoferrate to solubilize to Fe and the crystallization-inhibitor hexacyanoferrate may have been limited under our laboratory conditions. Therefore, 20 mL of liquid ammonia was added to the ferric hexacyanoferrate suspensions before application to obtain efflorescence of salts at the soil surface. Ammonia enhances the liquid evaporative flux due to its low intermolecular forces (i.e., high vapor pressure and low boiling point [-33 о C]) and its solvent properties for ionic compounds, including metal cyanogens (Fernelius and Johnson 1928) .
Dendritic crystal formations were obtained with the ferric hexacyanoferrate suspension over the 7-d period when the evaporative flux, and potentially the solubility of the hexacyanoferrate, was enhanced with ammonia ( Fig.  1 and 2) . The moisture retention in the dendrite formations prevents hardening and crusting and allows for easy harvesting of salts. The dendrite formations were carefully hand harvested as to not remove any soil minerals and initially weighed wet. A salt subsample was weighed, dried at 105 о C for 48 h, and immediately weighed after oven drying to obtain a salt water content. The total amount of salts harvested from each soil column was then corrected for moisture, and the oven-dry salt weight is reported below as a percentage of the applied brine NaCl salts.
To determine if soil texture and the crystallization inhibitor's loading rate affected (i) the amount of salts harvested and (ii) if the quantity of harvested salts was different from zero, a mixed model analysis of variance was used in SAS with means separate using LSD at the 0.05 level (version 9.4, SAS Institute, Inc.). The treated and untreated (control) soil columns could not be directly compared in the statistical analysis because all the untreated soil columns had zero harvested salts and, therefore, zero variance. Because of the zero variance issue, the treated soils were deemed as being significantly different than zero if the LSD did not overlap with zero.
Results and Discussion
We successfully extracted and harvested an average of 46, 57, and 29% of the brine salts from the sandy loam, loam, and silty clay soils, respectively, within 7 d after efflorescence began using a single application of the 0.01 M ferric hexacyanoferrate suspension. Statistically, the sandy loam and loam soils produced similar and significantly greater quantities of harvestable salts than the silty clay soil. Additionally, all soil columns treated with the 0.01 M suspension had harvestable salt quantities significantly different than zero. The standard deviation of the two replicates per soil texture was 9, 6, and 1% for the sandy loam, loam, and silty clay soils, respectively. These data also suggest greater variability in harvestable salt as sand content increases.
In the 0.00001 M suspension-treated and the control soil columns, a cemented salt crust formed within the top several millimeters of the soil surface as expected. These cemented salt crusts were not harvestable without mechanically disturbing and inadvertently removing soil minerals. Therefore, harvestable salt quantities were zero for all 0.00001 M ferric hexacyanoferrate suspension treated and control soil columns (i.e., zero variance among experimental units). Ammonia itself does not appear to have properties to induce dendritic crystal growth since the same quantities of ammonia was applied in both of the 0.01 M and 0.00001 M treatments.
The growth of dendritic crystals above the soil surface is expected to be continuous if an evaporative flux persists due to the convective transport of liquids and solutes to the soil surface. Therefore, the 7-d period used here is arbitrary, and a greater proportion of the brine salts may likely be extracted under ample water supply conditions. Additionally, the ferric hexacyanoferrate is applied as suspended colloids and do not decompose rapidly except under low pH (Meeussen et al., 1992) . Therefore, the infiltration of the ferric hexacyanoferrate suspension, as done in this study, results in a thin layer of visible colloids at the soil-air interface. Further evaluation is needed to determine the effect of incorporating ferric hexacyanoferrate into the soil surface layers on salt extraction.
The ferric hexacyanoferrate is considered as an iron cyanide mineral and is not toxic (Sharpe 1976 ). According to Meeussen et al. (1992) , referencing Sharpe (1976) , "these complexes are generally considered to be extraordinarily stable and are even called kinetically inert." Once the ferric hexacyanoferrate does decompose, the hexacyanoferrate reaction product has a half-life of 10 to 1000 yr between soil pH of 5.5 to 7.5, respectively (see Fig. 8 in Meeussen et al., 1992) . Even if a soil's pH decreases to 4, the half-life of the hexacyanoferrate is 1 yr. The reaction products of the hexacyanoferrate are hydrogen-and free-cyanide. However, we use a dilute suspension of the ferric hexacyanoferrate, and the proposed use of this compound is not in a small, enclosed space where the volatile hydrogen-and free-cyanides will accumulate to toxic levels. Additionally, as the soil is reclaimed and vegetation reestablished, microorganisms can readily decompose and assimilate the cyanides (Yu, 2015; Luque-Almagro et al., 2005; Kjeldsen, 1999; CCME, 1999) . Moreover, the ferric hexacyanoferrate is used here as just an example; other crystallization inhibitors with low-toxicity reaction products may produce similar results for remediation purposes. This experiment demonstrates that a crystallization inhibitor can be used to induce harvestable salt growths at the soil surface, and we recommend the development and evaluation of more crystallization inhibitors as tools for rapid brine spill remediation.
Conclusions
In situ remediation of brine contaminated soils via surface extraction of salts is possible without mechanically disturbing the soil. The method described here resulted in the rapid harvesting of 29 to 57% of salts from NaClcontaminated soils within 7 d using the 0.01 M crystallization inhibitor suspension. New in situ methods of deploying crystallization inhibitors for rapid salt extraction show great potential and could be useful for brinespill first responders coupled with other remediation methods to expedite the full remediation of brine-contaminated soils. Such methods could reduce the risk of chloride contamination to groundwaters. Future studies should include (i) loading rate optimization, (ii) in-field testing, (iii) further investigation of the fate and transport of ferric hexacyanoferrate reaction products during the remediation process, and (iv) the evaluation of other crystallization inhibitors, nanotechnology, and coatings that can induce dendritic crystal growth on soil surfaces for the purpose of rapid salt removal with minimal toxicity to the environment. 
